Incubator thermal environments produced by skin versus air servo-control were compared.
ence, equipment availability, marketing, purchasing decisions, and trends in neonatal care.
The research examining incubator control mode has focused essentially on the description of environmental temperature stability, efficacy in maintaining a neutral thermal environment (NTE), and minimizing oxygen consumption. In general, skin servo-control incubators produce incubator air temperatures that are extremely variable, often exhibiting a lag effect in response to infant temperature change and overshoot and undershoot. Excursions in incubator temperature greater than 2°C have been reported during skin servocontrol operation. 3, 4 Variability in air temperature is also related, in part, to the discrepancy between air temperature, measured at the site of the thermostat, and the incubator temperature as a whole; specifically, air temperature recorded mid-incubator differs from temperature measured at the thermostat. 4 The variable air temperatures observed in skin servo-control incubators result in part from probe artifacts. 4 -7 The two types of artifact in skin temperature measurement are: (1) probe insulation, resulting in probe temperature falsely greater than skin surface temperature and consequently lower incubator (or radiant warmer) temperature, and (2) convective and radiant heating or cooling of the skin probe by the surrounding environment. Adding insulation to the probe cover reduces environmental influences on skin temperature measurement but also results in skin temperature that may be falsely warmer than the surrounding area. 4 In one study of probe insulation, higher skin temperature and lower incubator temperature were recorded when skin servo-control probes were adhered with a commercial insulated probe cover as compared with clear adhesive tape. 8 These investigators also reported wide and erratic swings in incubator air temperature after minor skin probe perturbations. Further problems with skin temperature probes include inadequate probe adherence, increase in probe temperature when the infant lies on the probe, and clothing or blankets producing falsely high skin temperature and resulting incubator cooling. 7, 9 Control modes also differ in response to perturbations of incubator temperature. In one study using an infant simulator, phototherapy lights, initiated in air servo-control incubators, led to a rapid, sustained increase of infant temperature, whereas, in skin servo-control operation, there was a large decrease in incubator temperature. 10 Extraneous sources of heat placed near the skin temperature probe, such as a transcutaneous monitor electrode, may alter skin probe temperature.
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air temperatures related in incubator operation mode, differences in maintenance of NTE and minimizing infant oxygen consumption have also been investigated. In a study of 22 preterm infants (gestational age 24 to 25 weeks, birth weight 520 to 1360 gm, postnatal age Յ4 days) skin servo-control resulted in a larger proportion of abdominal skin temperatures between 36 and 37°C and a larger proportion of air temperatures Ͼ37.5°C when compared with air servo-control. 7 Additionally, there was greater variability in both the ambient air and toe temperature, and greater variance in the central-peripheral (abdominal skin-toe) gradient in skin servo-control. 7 Thus the skin servo-control incubator was more effective in maintaining body temperature within an acceptable range; however, this was achieved at the expense of widely fluctuating air temperature.
Oxygen consumption, based on incubator control mode, has been studied in two projects. Bell and Rios 12 compared air servocontrol, skin servo-control, and manual control in both a controlled thermal environment and the nursery setting in eight preterm infants (gestational age 28 to 33 weeks, weight 1070 to 1540 gm, and postnatal age 5 to 18 days). No differences were determined in mean air, skin, and rectal temperatures; metabolic heat production; or body heat loss. However, settings for the three modes of operation were determined by measuring the oxygen consumption and identifying the environmental or skin temperature that minimized oxygen consumption. 12 The authors concluded that air and skin servo-control were equally effective when incubator wall temperature was stable and all three modes were effective when control settings were carefully chosen. In practice, incubator wall temperature is typically not stable and estimates of control settings are imprecise. LeBlanc 13 reported similar oxygen consumption in 16 preterm infants (gestational age 26 to 35 weeks, weight 1000 to 1490 gm, and postnatal age 6 to 49 days) when incubator operation was by skin servo-control versus computer-controlled set point, that combined skin, incubator air, and wall temperatures.
Controlled experiments provide documentation of differences between incubator control modes, but less attention has been placed on the thermal environments produced by air and skin servo-control in the routine practice setting. Infant and incubator temperatures are interdependent; the infant is dependent on the incubator for maintenance of body temperature, although the infant's body heat adds to the incubator thermal environment. Infant and incubator temperatures both exhibit biorhythm. 14 -17 Circadian rhythm (24-hour period) is particularly relevant because development of circadian rhythm, and diurnal rhythm, is ongoing in the hospitalized preterm infant. Development of body temperature circadian rhythm is characterized by ultradian rhythms increasing in length to approximately a 24-hour period and increasing in amplitude. 18, 19 Emerging temperature circadian rhythm and the mutual influence of body temperature and incubator air temperature rhythms have not been examined in relation to control mode. Differences in the thermal environment produced by mode of incubator operation are related to potential cost of care issues, primarily caregiver time and supplies such as skin temperature probes. Under-and over-heating yield additional infantrelated costs in terms of increased oxygen consumption, poor weight gain, fluid imbalance, apnea, and diagnostic procedures initiated in response to infant temperature instability. The purpose of this research was to examine differences in the thermal environments produced by air servo-and skin servo-control incubators, including infant and incubator air temperature, maintenance of TNZ, and biorhythm of infant and incubator temperature.
PATIENTS AND METHODS
Secondary analysis was performed using a data set from a study of the maturation of body temperature rhythm. The data reported here are based on a convenience sample of 32 subjects, 18 in skin servo-control incubators and 14 in air servo-control incubators (gestational age 26 to 29 weeks, weight 625 to 2100 gm, and postnatal age 14 Ϯ 2 days) described in Table 1 . Subjects had no major congenital anomalies or surgical interventions, had no intraventricular hemorrhage above Grade I, and were not receiving phototherapy at the time of study. Infants were studied for a 24-hour period using a small-n, intensive within-subject design. Infant abdominal skin temperature was measured using a small surface thermistor (Model 427; Yellow Springs Instrument Co.; Yellow Springs, OH), which was positioned on the right mid-axillary line at the level of the umbilicus to avoid impingement when the infant was placed either supine or prone. This thermistor was adhered with an insulated, water-soluble gel, temperature probe cover (Accutemp Plus; Kentec Medical, Irvine, CA). Incubator air temperatures were measured using an ambient air thermistor (Model 405; Yellow Springs Instruments) suspended 10 cm and positioned in the center of the top wall of the incubator. Temperatures were recorded continuously at 1-minute intervals using a batteryoperated monitoring system (PMS8; Vitalog, Redwood City, CA). The incubator control mode was determined by standard unit practices, and all incubators were the same model (C-100; Air-Shields; Vickers, Hatboro, PA). Study procedures were approved by The University of Washington Human Subjects Review Committee, and informed consent was obtained from each subject's parents. All infants received standard nursery care in a Level III neonatal intensive care unit. Gender, ethnicity, and Apgar score were not statistically different between control mode groups (see Table 1 ). Weight at time of study, birth weight, and gestation differed between groups, due in part to unit practice in which a greater proportion of smaller infants were cared for in skin servo-control incubators. Differences between groups were controlled statistically by entering weight as a covariate before main effects using analysis of variance techniques (SPSS for Windows); the addition of gestation and birth weight as covariates did not appreciably alter results owing to the strong intercorrelation among these three variables. The Mann-Whitney U test was used to determine differences between variables with non-normal distributions. The circadian rhythm of incubator air and infant skin temperature was determined using cosinor analysis, in which a sine-cosine curve was fitted to the 24-hour data for each infant, using regression (S-Plus).
RESULTS AND DISCUSSION
Mean incubator air (31.75 Ϯ 2.59°C) and mean skin (36.51 Ϯ 0.40°C) temperatures were higher in skin servo-control than in air servo-control (air 30.17 Ϯ 1.25°C, skin 36.12 Ϯ 0.47°C; MannWhitney U, p Յ 0.008). The difference in means, however, does not capture the pattern of temperatures produced by the two control modes (Figure 1 ). In air servo-control incubators, air temperature was typically consistent, although perturbations, particularly caregiving episodes, produced lowering of temperature and occasional overshoot in response, whereas infant body temperature was variable. Conversely, in skin servo-control, infant skin temperature tended to be more stable and incubator air temperature was extremely variable. These results are similar to previously reported findings.
3,4,7 Bell and Rios 12 reported no differences in mean air or skin temperature in air and skin servo-controlled incubators; however, their incubator settings were based on minimal measured oxygen consumption, thus there was more precision in establishing NTE. In brief, the incubator mode resulted in differing patterns of incubator and air temperature.
Maintenance of NTE was compared in the two control modes. "NTE" was defined as body temperature consistent with minimal oxygen consumption, and operationalized as infant skin temperatures between 36.4 and 37.2°C, which is consistent with previous reports. 12, 20 Infant skin temperatures, recorded every minute over a 24-hour period, were categorized as under, over, or within the NTE. The percentage of time each infant temperature was within the NTE was significantly greater for skin (mean 53.18 Ϯ 20.76) than for air servo-controlled incubators (22.62 Ϯ 18.16) (analysis of covariance, df ϭ 1.29, p ϭ 0.001). In general, infant temperatures were more often below than above the NTE (Figure 2 ). These findings are consistent with a previous report 7 in which skin servo-control resulted in abdominal skin temperatures between 36 and 37°C more often than in air servo-control. The same report also found air temperatures were lower in skin servo-control than in air servo-control.
The following cycle parameters were derived: mesor, median, median absolute deviation (MAD), and amplitude. [21] [22] [23] Mesor (mean of fitted curve) and median (midpoint) are measures of cycle central tendency. MAD (a nonparametric equivalent of standard deviation) and amplitude (mesor-to-peak difference) are measures of variance. In general, circadian rhythms of infant skin and incubator air were widely different. Circadian cycles were more pronounced in some infants than others; however, strength of rhythm was not predicted by Figure 3 ). Study weight was statistically significant as a covariate in the following cosinor parameters: air mesor, air median, air MAD, and air amplitude. In general, lower study weight was associated with increased air temperature, when compared with heavier infants. Weight, however, was not a significant covariate when comparing infant cosinor parameters. In summary, aspects of the circadian rhythm of both incubator and infant differed by control mechanism. Reports of similar findings have not been found in the literature. Infants and incubators operate interdependently. The preterm infant is thermally dependent on incubator support, but the temperature rhythms of infants and incubators differ. To examine this relationship, infant and incubator cosinor parameters, divided by control group, were plotted and fitted with least squares regression lines. The relationships between infant and incubator mesor, median, amplitude, and MAD differ by control mechanism (Figure 4 ; the plot of median is not shown because it closely approximates that of the mean). In skin servo-control, there is a strong positive relationship between infant and incubator mesor, but a weak relationship exits in servo-control. In both skin and air servo-control, infant and incubator amplitude are positively correlated, while a stronger relationship exists between infant and incubator amplitude in air servo-control than in skin servo-control. in addition, there is a difference in level with skin servo-control having higher cycle amplitude. A moderate positive relationship exists between infant and incubator MAD, whereas there is no relationship between infant and incubator MAD in air servo-control. The development of preterm infant circadian rhythmicity in relation to mode of incubator control has received little attention in the literature. Emerging infant temperature biorhythm is another source of variation added to the complex interplay between infant and incubator.
SUMMATION
Skin and air servo-control produced differing thermal environments characterized by greater variability of air temperature in skin servocontrol, greater variability of infant body temperature in air servocontrol, higher air temperatures in skin servo-control, greater percentage of time in NTE in skin servo-control, and differences in infant and incubator temperature rhythm. The findings regarding mean infant and incubator temperature and differences in variability of temperature are similar to previous findings. 3, 4, 7 Furthermore, the finding that skin servo-control was more effective in maintaining NTE is consistent with a prior study. 7 Differences in circadian rhythm related to incubator control mode, however, have not been previously reported. Preterm infants are cared for in neonatal intensive care unit environments that may be chaotic or invariable. Air servo-control incubators produce little variability in air temperature. The influence of constant, deterministic air temperature in relation to the emergence of infant temperature biorhythm has not been studied extensively. In theory, skin servo-control may allow sensitive adjustments in incubator temperature in response to biorhythmic changes in body temperature, however, the effect of unstable air temperature requires further investigation. A rapid increase in incubator air temperature and hyperthermia have been associated with respiratory instability. 24, 25 Sleep is essential for normal infant growth and development, and infant body temperature biorhythm and sleep-wake pattern are closely related. 26 The effects of incubator operation mode may be reflected in an altered sleep-wake pattern. The findings from this study, particularly the differences in body temperature circadian rhythm, suggest further investigation is needed of the influence of incubator operation on high-risk infants.
